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Abstract 
Today the issue of the increasing of the reliability is even more important due to the rising number of the mechanization and 
automatization of the systems used. An insufficient reliability generates high maintenance expenses and frequent arresting of the 
service. Sometimes a breakdown to the system can occur due to a dangerous malfunctioning which can put in jeopardy the safety 
of its users. One example can be found in those machineries used by facilities hosting a hospital structure. The maintenance is the 
function which has the task to keep the machineries at a high level of efficiency during their whole service life. 
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1. Introduction 
The thesis concerning the reliability of the mechanical components has its roots in the idea of the chain whose 
resistance is in its weakest link [1,2]. That is why the number of those components with a low reliability must be 
reduced to the maximum, according to the theory of total-quality [3]. The quality of the complex systems depends on 
several features. In turn, these features are defined by a certain number of quantitative indexes. With time passing by 
the features and the quality level of the system change and usually tend to decrease respect to the initial value.  
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By reliability of a system we mean the property of the system to keep in a time interval the quality in some 
expected conditions during its use: in other words, the reliability is the quality developed in time. Therefore the 
reliability is determined by those features owned by the system at the time in which it was set, right before its use 
[4,5].  
Nowadays the issue of the quality improvement and the increasing of the reliability is even more important and 
existing due to the rising number of the mechanization and automatization of the systems used. We then come to one 
of the main contradictions in the development of the modern technique: on one hand, the complexity of the systems 
produces a decreasing for what concerns their reliability [6]; on the other hand, those safety requirements required 
by their functioning become even more demanding [7].  
The importance of this problem is based on the fact that an insufficient reliability generates high maintenance 
expenses and frequent arresting of the service. Sometimes a breakdown to the system can occur due to a dangerous 
malfunctioning which can put in jeopardy the safety of its users. One example can be found in those machineries 
used by facilities hosting a hospital structure. These buildings are connected to risk factors for those who use the 
furnished service.  
Thus the parameters obtained through the reliability theory must be monitored. In this way, working just like 
other branches of the engineering field that demand a full continuity of the service, it has been made an attempt to 
optimize the maintenance of the systems. That is why a wide database of malfunctioning tickets has been put to 
practice analyzing a huge number of malfunctioning cards. This kind of research aims at giving a feedback through a 
report of those results providing an example of an intervention whose purpose is to optimize the efficiency of the 
maintenance. 
2. Reliability theory 
The reliability theory is applied to the development of plans, to the definition of productive processes, to those 
ways of exerting and maintaining the machinery components guaranteeing the highest efficiency for their use [8]. 
This theory is essential in order to look for an engineeristic solution to those problems aroused by the 
unpredictability of a random malfunction in complex systems needing a perpetual service. The continuity of the 
functioning systems must be guaranteed because of both economical and safety reasons [9].  
In order to increase the reliability of a complex system, this procedure can be followed:  
• Improving the quality of every component that is part of the complex system;  
• Formulating methods aiming at planning reliable systems and optimized methods of maintenance for those 
systems during their exertion.  
The probability of the “absence of a malfunctioning” in a system where every component collaborate to make the 
entire system work, is equal to the product of the probabilities of an absence of malfunctioning of every single 
component [10]. The process of making more efficient the reliability must define what the causes of a 
malfunctioning might be, how the malfunctioning can be prevented and, if a malfunctioning happens, which is the 
best and fastest way to reactivate the system [11, 12]. For this purpose it has been used a Markov model based on 
the fact that the state of the system at a certain time (“t”) depends exclusively upon the latest state examined [13]. 
The most complete definition is the one referring to the reliability/accessibility of an unit/system, as the probability 
that an unit/system will perform a certain function: 
• under specific operating and environmental conditions; 
• at a precise time and/or for a set time interval. 
The reliability theory defines the parameter MTTR (Mean Time To Repair) as the value expected for the 
reactivation, that is the time interval during which the system is in a state of unavailability [14]. It is a vital 
parameter when it comes to the evaluation of the maintenance service efficacy, especially from the point of view of 
the logistic organization [15].  
 Ferdinando Salata et al. /  Energy Procedia  45 ( 2014 )  1195 – 1204 1197
The maintenance, as previously said, is the function which has the task to keep the machineries at a high level of 
efficiency during their whole service life [16]. The maintenance function emerges as a service for the production.  
In order to perform its task, the maintenance service manages a set of resources (human-beings, machines and 
equipment, materials) and the necessary information to act on those instrumental resources whose purpose is to: 
•  improve their performances;  
• optimize the availability reducing the probability of a malfunction;  
•  reactivate their efficiency. 
The maintenance is formed by those activities whose purpose is to reactivate the system services or diminish the 
deterioration caused by time [17]. A solution could be represented by repairing or substituting those units subject to 
damage or wear [18]. The parameter that measures the Maintainability is the Mean Down Time (MDT). The shorter 
the MDT it is, the better the maintainability will be [19]. Its value is obtained by summing:  
•  administrative delays; 
• logistic delays;  
•  technical delays. 
Administrative delays are formed by all bureaucratic procedures, time intervals characterized by a downtime 
situation due to Sunday, midweek or nighttime rest.  
Logistic delays are all those organizational procedures which permit the execution of some techniques, such as: 
locating of replacement units on the market if they are not in the storehouse, labour availability that could be 
employed elsewhere or in other procedures, and locating some equipments  [20, 21].  
Technical delays of maintenance are the very same maintenance procedures, such as: preparation of the 
component in order to be examined and repaired, evaluation of  malfunctioning,  location of the damage, gathering 
the replacement pieces in the storehouse, substitution of broken parts, testing the reparation once performed. From 
maintenance time depends on, in a separate way, logistic and administrative procedures, hence the act of sizing 
those maintenance lines as well (number of workers, equipments, etc…). 
3. Goals and methods 
In complex systems, that is those systems which can be divided in different components, such as energy 
production machineries, the cheapness of the exertion is based on the estimation of the unavailability of the system, 
if the unavailability of the components is known.  
The cheapness of the exertion, while taking an estimated risk, demands  the prediction of:   
•  what to do and where it must be done;  
•  when it must be done. 
The goal of this research is to study the type of maintenance (corrective or accidental) where the interventions are 
not planned but performed in order to repair and replace troubled components with the purpose to reactivate the 
functioning of the system. This kind of maintenance proves to be adequate for both increasing and decreasing rates 
of damage.  
This maintaining policy has the benefit to control its maintaining costs, since the variable cost is void, as long as 
the entity works properly (the only replaced components are the damaged ones). But there is a drawback as well. 
The damage occurs accidentally, usually without any warning, revealing possible situations that put at risk the safety 
with a consequent reduction of the quality of the production/service. The accidental nature of the damage determines 
a high variable use of those stationary resources (maintenance squads for emergency). Moreover the need to protect 
oneself from the accidental event of the damage tends to determine an over-sizing of the storehouse containing the 
replacements.  
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There has been an attempt to associate a numerical value to a random parameter such as the very same idea of 
maintainability.  Everything has been analyzed through an observation of those calls for tender specifications for 
maintenance services of thermomechanical systems, where the word maintenance requires a type of services, 
determined by a maximum of non-operational hours and by the number of workers. This occurs without an explicit 
engineeristic explanation due to its empirical nature (it is based on experience and models of specifications 
previously done).  
This study has the particular goal to calculate the parameter MTTR and/or MTD of the entire system, if the 
parameters of its components are known. The starting point of this study lies in current regulations [19,20,21], 
according to which in order to act some maintenance interventions, for damage problems, it is possible to determine 
for how long the machinery has been stationary, MDT, as follows in Fig. 1: 
 
 
Fig.. 1 – Time factorization of a non-operational machinery for maintenance procedure. 
The average of the time interval, while in a state of unavailability MDT, is obtained by summing the various time 
intervals: 
ܯܦܶ ൌ ܣܦܶ ൅ ܦܶ ൅ ܮܦܶ ൅ ܣܴܶ ൅ ܴܶܵ       (1) 
Where:  
•  ADT- Administrative delay time, that is a time interval that starts when the damage is detected to the point in 
which the maintenance squad for emergency begins to operate.   
• DT- Diagnostic Time, that is a time interval that starts when the squad gets activated to the point where the 
intervention is being prepared.  
• LDT- Logistic delay time, that is the amount of time that lies between the phase of getting ready for the 
intervention to the actual time in which the intervention starts operating.  
• ART- Active repair time, that is the average time that lasts during the whole phase of intervention.  
•  TSR- Time service reactivation, that is the amount of time that lies between the end of the intervention and the 
moment in which the service gets reactivated.   
Once all these time intervals had been distinguished, the next step was to introduce some simplifying hypothesis, 
such as:     
•  Exponential distribution law, in other words taking into consideration those components with a constant damage 
rate. This permits a direct calculation of the MTBF (Mean Time Between Failure) and the MTTR (Mean Time 
To Repair), valuating their respective rates.  
• Optimized preventive maintenance, in order to start with a high level of reliability for what concerns the 
machinery.  
• Taking into consideration the diagnostic time, DT, included in the administrative delay time, ADT.  
• Taking into consideration the time service reactivation, TSR, included in the active repair time, ART.  
•  Taking into consideration the MDT which coincides numerically with the MTTR.   
On the basis of these simplifying hypothesis the MDT equation can be rewritten, as previously mentioned: 
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ܯܴܶܶ ൌ ܯܦܶ ൌ ܣܦܶ ൅ ܮܦ ௖ܶ ൅ ܣܴ ௖ܶ        (2) 
where: 
ܣܦ ௖ܶ ൌ ܣܦܶ ൅ ܦܶ          (3)
ܣܴ ௖ܶ ൌ ܣܴܶ ൅ ܴܶܵ          (4)
This is how the average time of unavailability is obtained by summing three elements: 
•  The time delay that lies between the location of the damage and the activation of the emergency squad;   
• The time of the activation and commencement of work;  
•  The time intervals used for both the repairing phase and when the damaged component re-start its service.  
Obviously among those three time intervals, the one concerning the steps of repairing and re-starting the service 
(ARTc) is detached from every logistic or administrative delays, being the actual time of repairing. If the repairing 
phase is performed by a competent and specialized staff it is hardly definable, even with an optimization of the 
maintenance procedures. In most cases we have a different time for every type of intervention on the damaged 
machinery component and for every kind of damage.   
The ADTc and LDT have values which are not connected to the type of the component or damage, they are 
implicit in the good quality of the whole maintenance service.  This is the phase in which some interventions can be 
performed in order to eliminate downtimes.  
In most of the analyzed cases it has been observed that in order to optimize the LDT some actions must be 
optimized, such as: the damage evaluation performed by a first specialist who goes immediately to the location in 
order to understand what kind of damage they are dealing with [22]. This procedure implies the importance of 
having a staff in those essential locations of the structure who can communicate rapidly giving useful information to 
the intervention squad.  This kind of service can be optimized thanks to the competence of experts and specialists. 
When the management chooses the staff every decision is made with the purpose of putting the right person in the 
right place. A further factor which affects the LDT is the strategic placement of the intervention squads; this has a 
certain influence on the time interval of the intervention when it comes to big hospitals [23]. Every squad must be 
set to cover a given area of intervention in order to operate as fast as possible; the perimeter of such area cannot be 
indefinitely extended and they must receive full accessibility to where the machineries stand.   This implies that 
during the phase of making plans the very same machineries should not be placed in hardly reachable areas.  Every 
squad needs a little replacements storehouse, at least with those machinery components which have a major 
damaging impact.  In order to have this kind of situation the management must create an archive monitoring the 
impact of those machinery components whose damage occurs more often.   For those components whose damage is 
reduced, it is impossible to create a storehouse in the interested area but some arrangements with the suppliers must 
be done. These arrangements  want to create an agreement between the suppliers and the management about the 
time availability of the former which the management must consider satisfactory. In structures where all these 
features are optimized, the time interval has seen an average decreasing of the 45% if compared to the unoptimized 
case.  
Nowadays the time interval of the ADT is easy to minimize thanks to computerized systems that warn about the 
damage and are provided with an automatic activation of the intervention squad. The sensoristic feature is vital for 
the adjustment of those machineries in which it is present, and if cabled to a maintenance control center it is possible 
to monitorate the sensitive parameters for the right functioning of the machineries. An engineer who monitors 
remotely during the current time those parameters, thanks to a terminal, can provide the damage. His warning is able 
to anticipate: a possible problem the damage can cause to the machinery functioning;  a user who could notice a 
deficiency in the service.    
Now, thanks to the new computerized mass media, the engineer can report quickly the information to a 
maintenance man giving him accurate directions. Then the maintenance man will go to the interested area in order to 
understand what kind of damage occurred and communicate to the intervention squad which materials, equipments 
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and replacements they need. While analyzing the database of the maintenance management, it has been observed 
that the average situation is:   the ADT decreases of the 28% when the intervention squad  gets activated through a 
computerized operation (1); the ADT decreases of the 60% when the automatic damage detection occurs (2); the 
ADT decreases of the 90% in those cases characterized by both systems (1+2). 
4. Case study 
The example through which the previously analyzed results can be applied, in order to compare them to the 
requests of maintenance specifications, is a thermo-mechanical machinery with air treatment. This kind of 
machinery [24] wants to satisfy the air conditioning exigencies which are vital for the hospital Policlinico 
Universitario Gemelli in Rome.  
The requirements exposed by the technical specifications for maintenance demand a specific MTTR, a maximum 
of 12 hours in which the machinery is non-operational.  
To calculate all the values of this study a wide data processing archive with some useful information was used. 
Such database has a wide archive of those intervention tickets for maintenance and damage occurred to the 
components of thermo-mechanical machineries.  
With such data some time intervals can be deduced: the time between the damage detection, the activation of the 
maintenance squad, when the intervention starts and when the intervention ends, that is once the damage ticket is 
closed.  
The data which are available allow a macrocomponent decomposition of the machinery [25].  Thanks to these 
data a file has been created for every single component of the machinery containing information about its MTBF 
and MTTR values. 
Tab. 1 – Examples of different values of those parameters connected to the reliability theory monitored for the macro-
component machinery.  
COMPONENT MTBF [h] Ȝ=1/MTBF MTTR [h] ȝ=1/MTTR TRG [h] TRL [h] TAR [h] 
Pumps 26.300 3,80E-05 20,6 0,05 12,9 5,1 2,5 
Absorption 
Refrigeration Unit 21.900 4,57E-05 7,7 0,13 0,9 5,8 1,0 
Cooling Tower 48.200 2,07E-05 9,2 0,11 0,8 0,4 8,0 
Fan 52.600 1,90E-05 30,1 0,03 12,9 15,9 1,1 
Heat Exchanger 175.200 5,71E-06 14,4 0,07 11,0 1,8 1,5 
Air Treatment Unit 43.800 2,28E-05 25,8 0,04 0,8 23,9 0,9 
 
Tab. 1 represents an exemplifying title of the database with data connected to the reliability theory conceived 
thanks to the archive of maintenance ticket. Taking one of the Policlinico Gemelli machineries as an example for the 
air renewal through a conditioning system, the reliability theory can be applied in order to determine the MTTR of 
the whole machinery, starting from the available values for every of its components. Fig. 2 represents a layout 
helping us to evaluate its reliability through a chain configuration. 
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Fig. 2 – Layout of the reliability through a chain configuration of air treatment machineries.   
Through the use of the reliability theory and those relations among parallel (placed with redundance in order to 
lift up the reliability of the system) and series components  belonging to the chained configuration of the reliability 
[26], the MTBF and the total value of the MTTR of the system are calculated. For what concerns the machinery 
taken into consideration the value of the MTBF is 8,44 hours, whereas the MTTR corresponds to 15,48 hours. 
Thanks to the connection between those data and the database produced, it is possible to weigh for every single 
component the percentage of time intervals of the ADT, LTD, ART in comparison with the whole MTTR. 
Tab. 2 – Percentage impact of time intervals in which the Mean Time To Repair of every single 
machinery macro-component is distinguished.  
COMPONENT MTTR [h] TRG (%MTTR) TRL (%MTTR) TAR (%MTTR) 
Pumps 20,59 63,11% 24,55% 12,34% 
Absorption 
Refrigeration Unit 7,68 10,52% 75,96% 13,53% 
Cooling Tower 9,23 8,36% 4,84% 86,80% 
Fan 30,06 43,14% 53,14% 3,72% 
Heat Exchanger 14,37 76,91% 12,85% 10,24% 
Air Treatment Unit 25,81 3,33% 92,96% 3,71% 
 
Weighing the impact of every single component through a chained configuration of the reliability theory, it is 
possible to evaluate the contribute given by every partial time of maintenance to the MTTR of the whole machinery. 
Tab. 3 – Percentage impact of time intervals in which the Mean Time To Repair of 
the whole machinery is distinguished. 
COMPONENT ADT (%MTTR) LDT (%MTTR) ART (%MTTR) 
System 33,17% 52,54% 14,29% 
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Fig. 3 – Graphical representation of the percentage impact for what concerns the time intervals in which the Mean Time To Repair of the whole 
machinery is distinguished.  
These percentages calculated in hours are equal to what is showed in Tab. 4:   
Tab. 4 – Single time intervention expressed in hours.  
COMPONENT TAR [h] TRL [h] TRG [h] 
System 2,22 8,13 5,13 
 
Applying the improvements suggested to the maintenance service (LDTOptimized: -45%;  ADT: (1) = -28%, (2) 
= -60%, (1+2) = -90%)) it is possible to quantify, thanks to some statistical data previously analyzed, the possible 
optimized maintenance times. 
Tab. 5 – Analysis of strategic improvements for what concerns maintenance times.  
Class  Service ART [h] LDT [h] ADT [h] MTTR [h] 




G TRLOpt (no) +  TRG (1) 3,69 14,04 
F TRLOpt (no) + TRG (2) 2,01 12.36 
E TRLOpt (no) +  TRG (1+2) 0.51 10,86 
D TRLOpt (si) + TRG (no) 
4,47 
5,13 11,82 
C TRLOpt (si) +  TRG (1) 3,69 10,38 
B TRLOpt (si) + TRG (2) 2,01 8,07 
A TRLOpt (si) +  TRG (1+2) 0.51 7,20 
 
While taking a look at Tab. 5 it is possible to notice what values the MTTR can reach thanks to the optimization 
of the maintenance service. Whether these values can or cannot be reached depends on the interventions performed. 
Starting with the situation analyzed for the current set up of the machinery and those maintenance services it is 
possible to have a decrease of the MTTR respect to the value required by the specifications, or on the other hand it 
can be evaluated which features should be optimized in order to be able to obey those requirements imposed by the 
specifications. 
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4. Correct Maintenance 
Analyzing what has been previously stated it can be noticed that often those requirements demanded by the 
technical specifications concerning maintenance services are basically empirical and dependent on the common 
sense of the management involved.  This happens without a precise idea of what can be done in order to obey the 
needs of a constant service  for machineries placed in buildings with a certain rating of criticality due to risk factors. 
Even a possible offer proposed by some maintenance firms is often the result of empirical observations and the will 
to obey those requirements demanded by the Commission [27].  
This study has the goal to highlight the fact that the civil sphere is not the only area strictly applicable to hospital 
buildings, but it is possible to apply the engineering field as well.  
Thus one suggestion is the presence, in technical specifications, of precise methods for a deeper clarity of those 
procedures concerning the service awarding. The parameter MTTR, connected to the reliability theory, must be 
numerically definable [28]. Since its value gives some precise information about the good quality of the 
maintenance service furnished.  
Through the procedure showed below, it is possible, both for the Commission and the firm offering the services, 
to determine the limit point which the maintenance optimization process can reach. This is possible calculating the 
participation of every time interval telling us for how long the machinery has been non-operational.  Moreover it 
seems possible to create on the market a sort of generalized merit ranking/class of the maintenance services 
furnished. Following the instructions previously represented in the first and second column of Tab. 6, it can be 
summed up as follows:  
Chart 6 – Summarizing chart of maintenance classes and  associated services.  
 Proposed Class 
Service A B C D E F G H 
TRLOpt X X X X     
TRG (1)   X    X  
TRG (2)  X    X   
TRG (1+2) X    X    
4. Conclusions 
The goal of this article is to quantify the reliability of thermo-mechanical machineries working in the civil 
engineering field. Reliability theories have been applied in a way that reminds of those methods used by aeronautics 
and military field. Hence some parameters have been calculated such as: MTBF, MTTR and the availability A of a 
machinery controlled by a specific user, like a big hospital. This kind of user really needs a high reliability for 
machineries, extended and constant service, necessities connected to classic risk factors characterizing a hospital. 
Furthermore it has been conducted a deep investigation of the MTTR parameter, in order to improve the reliability 
of those machineries without affecting its components. The idea of maintainability has been examined in connection 
with maintenance principles in a detail way. And it has not been forgotten to quantify the non-operational time 
interval of the machineries for extra maintenance procedures due to an unexpected damage of one of the machinery 
components.  
While constructing the model, the knowledge of all the different time intervals has been vital. These time 
intervals form the MTTR of every component constituting the machinery.  Hence it has been created a detailed 
database of the time intervals ADT, LTD, ART developing a damage tickets archive.   
This was possible thanks to a high quantity of archived data in the hospital databank and other similar structures. 
The statistical solidity characterizing this database permitted to define a model as close as possible to reality. Thanks 
to a high number of information, the probability of an event to happen merges when close to the real value of the 
parameter to calculate.  
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The case study examined in a detailed way was an existing machinery. This machinery had the purpose of 
exemplifying the use of those parameters connected to the reliability theory for the evaluation of the risk factor 
involved. While considering the optimizable features for an increasing of the total value of such parameter (MTTR), 
it can be assumed to classify in a standard way the quality level of maintenance service. That is the reason why the 
plant engineering maintenance will not be evaluated through random parameters, instead it will be judged on the 
basis of parameters which are numerically quantifiable. 
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